Endogenous mechanisms that act in the resolution of acute inflammation are essential for host defense and the return to homeostasis. Resolvin D1 (RvD1), biosynthesized during resolution, displays potent and stereoselective anti-inflammatory actions, such as limiting neutrophil infiltration and proresolving actions. Here, we demonstrate that RvD1 actions on human polymorphonuclear leukocytes (PMNs) are pertussis toxin sensitive, decrease actin polymerization, and block LTB 4 -regulated adhesion molecules (β2 integrins). Synthetic [ 3 H]-RvD1 was prepared, which revealed specific RvD1 recognition sites on human leukocytes. Screening systems to identify receptors for RvD1 gave two candidates-ALX, a lipoxin A 4 receptor, and GPR32, an orphan -that were confirmed using a β-arrestin-based ligand receptor system. Nuclear receptors including retinoid X receptor-α and peroxisome proliferator-activated receptor-α, -δ, -γ were not activated by either resolvin E1 or RvD1 at bioactive nanomolar concentrations. RvD1 enhanced macrophage phagocytosis of zymosan and apoptotic PMNs, which increased with overexpression of human ALX and GPR32 and decreased with selective knockdown of these G-protein-coupled receptors. Also, ALX and GPR32 surface expression in human monocytes was up-regulated by zymosan and granulocyte-monocyte-colony-stimulating factor. These results indicate that RvD1 specifically interacts with both ALX and GPR32 on phagocytes and suggest that each plays a role in resolving acute inflammation.
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inflammation | leukocytes | lipid mediators | resolution | polyunsaturated fatty acids A cute inflammation is a tightly controlled protective host response where chemical mediators such as prostaglandins and leukotrienes play pivotal roles that are signaled via Gprotein-coupled receptors (GPCRs) (1) . Excessive inflammation has emerged as a critical component in many prevalent human diseases such as atherosclerosis and cancer (2, 3) . Therefore, endogenous control mechanisms in inflammation are of interest. It is now recognized that resolution of acute inflammation is an active and highly regulated process, which involves endogenous anti-inflammatory pathways stopping excessive infiltration of neutrophils [polymorphonuclear leukocytes (PMNs)], as well as proresolution circuits aimed at clearing apoptotic PMNs from a site [for a recent review, see ref . 4] . Local mediators orchestrating anti-inflammation and resolution act via GPCRs (4). For example, lipoxin A 4 , a potent anti-inflammatory and proresolving mediator, binds to its receptor ALX (5), which stops further PMN recruitment and activates nonphlogistic phagocytosis of apoptotic PMNs (6) .
Within the immune system, dietary supplementation with eicosapentaenoic acid and docosahexaenoic acid has many reported beneficial actions (7) . A systems approach with selfresolving inflammatory exudates using mediator lipidomicsinformatics, proteomics, and analysis of cellular trafficking led to the identification of resolvins and protectins (4) . These mediator families are derived from ω-3 fatty acids and are part of a recently described genus of anti-inflammatory and proresolving autacoids with potent actions in experimentally induced animal diseases [(8) ; reviewed in refs. 7 and 9)]. At least two GPCRs are involved in transducing resolvin E1 (RvE1) signals, namely ChemR23 and BLT1 (10, 11) .
Resolvin D1 (RvD1) biosynthesis and structure were established (8) and its stereochemistry assigned 7S, 8R, 17S-trihydroxy-4Z, 9E, 11E, 13Z, 15E, and 19Z-docosahexaenoic acid (12) . RvD1 limits PMN infiltration at nanogram levels in murine peritonitis and blocks transendothelial migration of human PMNs (8, 12) as well as enhances phagocytosis by human macrophages (MΦ) (13) . Recently, RvD1 was found to directly act at a single-cell level in microfluidic chambers to stop human PMN migration to interleukin-8 (14) . Here, we prepare synthetic [ 3 H]-RvD1 and present evidence for specific RvD1 surface recognition on human leukocytes and identification of two GPCRs.
Results

RvD1
Regulates Actin Polymerization: Pertussis Toxin Sensitivity.
Because RvD1 directly acts on human PMNs (14), we tested whether it can regulate actin polymerization, a key event in neutrophil migration (15) . Human PMNs incubated with RvD1 (10 nM) resulted in a decrease in actin polymerization (Fig. 1A) , which was evident within 5 min in a time-dependent fashion (Fig.  S1 ). To assess whether GPCRs are involved in RvD1 signal transduction, PMNs were treated with either pertussis toxin (PTX) or activated cholera toxin (see Materials and Methods) and then incubated with RvD1. As shown in Fig.1A , PTX treatment diminished the RvD1-dependent block in actin polymerization, whereas incubation with activated cholera toxin did not affect this response, suggesting that RvD1 acts via a PTXsensitive GPCR. Exposure of PMNs to RvD1 (10 nM) significantly blocked LTB 4 (10 nM)-stimulated actin reorganization (Fig. 1B) and significantly decreased LTB 4 (10 nM) up-regulated cell-surface expression of the integrin CD11b (Fig. 1C) . Interestingly, RvD1 did not stimulate intracellular Ca 2+ mobilization (Fig. 1D ) or activate cAMP with human PMNs (n = 3 healthy subjects; Fig. S2 ), suggesting that these classic second messengers are not activated by RvD1 signaling in these cells.
RvD1 Does Not Activate Nuclear Receptors. Nuclear receptors may evoke anti-inflammatory responses (16) . Therefore, we sought to determine whether RvD1 interacts with specific nuclear receptors. To this end, HEK-293 cells were cotransfected with constructs of ligand-binding domains from a panel of nuclear receptors linked to a Gal4 DNA-binding domain, along with a Gal4-responsive luciferase reporter. In this system, RvD1 did not directly activate mouse peroxisome proliferator-activated receptor (PPAR)-α, -γ, and -δ or human retinoid X receptor-α (Fig. S3) . These results indicated that RvD1 in its anti-inflammatory dose range (9) did not activate these specific nuclear receptors nor did RvE1 (Fig. S3) .
[ 3 H]-RvD1-Specific Binding. We next determined whether human leukocytes display specific RvD1-binding sites. To this end, tritium-labeled resolvin D1 ([ 3 H]-RvD1) was prepared by catalytic hydrogenation of synthetic [13, 14] -acetylenic RvD1 methyl ester (Fig. S4) . Following catalytic hydrogenation with tritium, 3 Hlabeled RvD1 coeluted with authentic RvD1 methyl ester beneath a single HPLC peak and gave the characteristic UV absorbance maximum at 301 nm with shoulders at 280 and 315 nm (8, 12 ). Next, [ 3 H]-RvD1 methyl ester was subjected to saponification to obtain the corresponding carboxylic acid, [13, 14] -[ (Fig. S5) . These results demonstrated the high affinity and specific binding of RvD1.
Screening for RvD1 Receptor Candidates. Because the handling of [ 3 H]-RvD1 is not without difficulties, we sought functional screening systems that do not rely on labeled ligand. To this end, and because RvD1 counters the actions of TNF-α (8), a luciferase-based reporter system used for identification of the RvE1 receptor ChemR23 (10) was employed for initial screening. This system used a luciferase-based reporter that measures NF-κB activity in response to TNF-α (Fig. 3 , left inset). cDNA sequences of phylogenetically related GPCRs were cloned into pcDNA3 vector and then cotransfected into HeLa cells together with a reporter vector consisting of NF-κB promoter sequence linked to the luciferase gene. This panel of phylogenetically related receptors was chosen for screening because of their functions related to inflammation, e.g., chemoattraction (1). Among these GPCRs, RvD1 significantly reduced the TNF-α-stimulated NF-κB response in cells overexpressing either ALX or the orphan, GPR32 (Fig. 3) . In contrast, cells transfected with other phylogenetically related GPCRs (Fig. 3, right) , including BLT1, BLT2, CB1, GPR-1, FPR, and ChemR23 [see Materials and Methods for National Center for Biotechnology Information (NCBI) accession numbers], did not significantly inhibit TNF-α-stimulated NF-κB luciferase activity on addition of RvD1.
RvD1 Directly Acts at GPR32 and ALX. To monitor RvD1 receptorligand interactions, we used a GPCR-β-arrestin-coupled system ( Fig. 4A ) (18) because RvD1 did not evoke Ca 2+ mobilization (Fig. 1) . Incubation of GPR32-β-arrestin cells with RvD1 gave a dose-dependent increase in the interactions of β-arrestin and the receptor in these cells, EC 50 , of ∼8.8 × 10 −12 M (Fig. 4B) . In parallel, incubations with LXA 4 also led to a dose-dependent increase in the activation of GPR32 (EC 50 ∼3.4 × 10 4C). These findings indicate that RvD1 and LXA 4 each directly activated GPR32. Recently, nitrosylated pyrazolone derivatives that have agonistic activity with the ALX receptor were described. Among these, a C-5 substituent with an isopropyl group, denoted compound 43, exhibited anti-inflammatory properties, potently inhibiting PMN migration and markedly reducing mouse ear inflammation (19) .
As a known ALX anti-inflammatory agonist, compound 43 was tested with the β-arrestin system stably expressing GPR32. (Fig. 4H) . Notably, compound 43 was unable to activate the β-arrestin system stably expressing ADP receptor P2Y 12 , indicating the selectivity of ligand GPCR interactions (Fig. S6) . These results suggest that RvD1 interacts with both ALX and GPR32.
Expression of GPR32 and ALX in Human MΦ Regulates RvD1-Stimulated Phagocytosis. Because complete resolution of acute inflammation involves phagocytosis and clearance of apoptotic PMNs by MΦ from the inflammatory milieu, which is enhanced by resolvins (4), we investigated whether RvD1 can enhance the phagocytic activity of human MΦ. Human MΦ exposed to RvD1 following differentiation of peripheral blood monocytes enhanced their ability to ingest zymosan and apoptotic human PMNs in a dose-dependent manner, which peaked at 1.0 and 0.1 nM (Fig. 5A) and was time-dependent (Fig. S7) . Next, we transiently transfected human MΦ with expression vectors for the RvD1 candidate receptors, namely human GPR32 or ALX (Fig.  5 B and C, insets) . RvD1 showed an increase in phagocytosis of zymosan particles in MΦ transfected with mock (Fig. 5B ) that was further increased in MΦ overexpressing either GPR32 (Fig. 5B) or ALX (Fig. 5C) . Conversely, MΦ with transient small hairpin RNA (shRNA) knockdown of ALX or GPR32 (Fig. 5 D and E) showed a decrease in RvD1-stimulated phagocytosis response (Fig. 5F ). Although the knockdown of both GPCRs did not completely eliminate surface expression of each receptor, the RvD1 response was reduced and further decreased in MΦ with a double knockdown.
Discussion
Here, we demonstrated specific cell surface binding sites for RvD1, an endogenous anti-inflammatory and proresolving lipid mediator. The presence of RvD1 recognition sites on human phagocytes is of considerable interest in view of the potent actions of this autacoid (8, 12, 14) . Two GPCRs that are denoted ALX, a lipoxin A 4 receptor, and an orphan, GPR32, were identified as directly interacting with RvD1. In addition, RvD1 regulates phagocytosis by human MΦ in a receptor-dependent manner. Together, these findings indicate that both ALX and GPR32 interact with RvD1 to signal its actions.
Resolution of inflammation is an active process with many control points, regulated by a unique genus of chemical mediators that are anti-inflammatory and proresolving (4, 9) . Among these, RvD1 possesses potent actions demonstrable at the single-cell level with leukocytes in a microfluidics chamber (14) . Nanomolar concentrations of RvD1 blocked actin polymerization in PMNs that were sensitive to inhibition by pertussis toxin, suggesting that the recognition sites belong to the family of GPCRs and most likely are coupled to G proteins of the Gi/o class. Screening systems used to assess PPAR activation indicated that neither RvD1 nor RvE1 directly activates PPAR signaling at concentrations that evoke anti-inflammatory responses (Fig. S3) . Indeed, nuclear receptors belonging to the PPAR family have emerged as relevant in anti-inflammatory signaling mechanisms and may bind lipids (16) . For example, oxidized fatty acids at concentrations in the micromolar range can activate PPARγ, which possesses an unusually large ligand-binding cavity that accommodates a wide range of molecules rather than a single ligand (21) . Because RvD1 did not activate PPAR signaling within its bioactive concentration range, it was reasonable to determine whether the recognition sites were present on the surfaces of phagocytes, which was in line with the finding that RvD1 actions were PTX sensitive, pointing to the family of GPCRs. [ 3 H]-RvD1 prepared by total organic synthesis was used to identify high-affinity cell-surface recognition sites for RvD1 on human leukocytes, giving a K d of ∼0.2 nM (∼75 pg/mL), which is within the range of its levels measured in murine cells and tissues, i.e., >75-300 pg (13, 22) , and bioactions. Of interest, LXA 4 partially displaced [ 3 H]-RvD1 specific binding to human PMNs. A screening system for identifying receptor candidates, which tests the ability of receptor-ligand coupling to counteract TNF-α-stimulated NF-κB activation (10), gave candidate GPCRs, namely ALX, a LXA 4 receptor (23), and an orphan, GPR32. GPR32 consists of 356 deduced amino acids and shares a sequence identity of 35-39% homology with members of the chemoattractant receptor family (24) . Using a cDNA array, GPR32 mRNA expression was detected in PBLs and in arterial and venous tissues (Fig. S8A) . Also, mRNA expression was identified by PCR in human myeloid cells (e.g., PMNs, monocytes, and MΦ) and in human umbilical vein endothelial cells (HUVEC) (Fig. S8A, Inset) . Additionally, cell-surface expression of GPR32 was present on human PMNs, monocytes, and differentiated MΦ populations as determined by flow cytometry using an anti-GPR32 antibody (Fig S8B) . Interestingly, GPR32 and ALX surface expressions in human monocytes were upregulated on exposure to GM-CSF and zymosan (Fig. S8C) , but not by exposure to TNF-α or TGF-β (Fig. S8D ). This correlates with RvD1 actions on macrophages that enhance clearance of zymosan particles.
RvD1 interactions with human ALX and GPR32 were further evaluated using another reporter system, one that monitors, in a ligand-dependent fashion, coupling of intracellular β-arrestin with GPCR cytoplasmic domains. This system permits monitoring of ligand-receptor interactions without classic second messengers involved (25) . This was needed because RvD1 did not directly evoke Ca 2+ mobilization nor changes in cAMP levels (Fig. 1) . This system employed recombinant cells engineered to stably overexpress ALX, ChemR23, or GPR32, each tagged with the Pro-Link peptide of β-gal and β-arrestin linked to the enzyme acceptor (EA) fragment of β-gal. With this system, LXA 4 was also identified as interacting with GPR32, suggesting that this GPCR may be part of a cluster of receptors transducing proresolution signals with lipid mediators. Along these lines, an ALX agonistdenoted compound 43 and recently identified via a medicinal chemistry screen with anti-inflammatory actions in vivo (19)-also activates both ALX and GPR32 in stable β-arrestin cell systems. The β-arrestin signal in this system activated by agonists showed a more than twofold increase compared to the vehicle, which is in agreement with signal-to-noise ratios obtained for other receptors for lipid mediators, e.g., prostanoid receptors with their respective ligands (26) . Transient transfection of human MΦ with expression vector for either ALX or GPR32 increased the ability of RvD1 to enhance phagocytosis, suggesting that the RvD1 response is both ALX-and GPR32-dependent. Moreover, shRNA knockdown of these GPCRs in human MΦ reduced RvD1-stimulated phagocytosis. These findings functionally validate results from the reporter systems used to identify ALX and GPR32 as interacting with RvD1.
Proresolving lipid mediators exert their actions by interacting with GPCRs with high affinity and stereospecificity. For example, RvE1 binds both ChemR23 and BLT1 and LXA 4 binds ALX/ FPR2 (5, 10, 11) . Interestingly, these ligands bind to more than one receptor to mediate their actions, which in most cases are cell-type-specific. RvE1 stimulates proresolution pathways via ChemR23, which is abundantly expressed in MΦ and dendritic cells (10) , whereas it binds to BLT1 for its anti-PMN actions (11) . Along these lines, ChemR23 knockout mice are unable to resolve zymosan-induced peritonitis in the presence of C-15, a peptide ligand for this receptor, indicating proresolving signaling by this receptor (27) . In the present report, we identified two receptors that specifically interact with RvD1, namely ALX and GPR32. NCBI blast analysis for murine orthologs of human GPR32 did not reveal apparent candidates with significant sequence homology. An ortholog for human GPR32 was identified in the chimpanzee (Pan troglodytes; see the NCBI database at www.ncbi.nlm.nih.gov), but is absent in the dog genome and is a pseudogene in the rat and mouse (28) . The murine counterparts of human GPR32 remain unknown. Also, heterodimerization of eicosanoid GPCRs, e.g., PGI 2 receptor (IP) and thromboxane A 2 receptor (TPα) (29) , is known. Hence, it is possible that resolvins could signal via heterodimeric GPCRs. However, with the current reagents, we were not able to obtain evidence for RvD1-dependent heterodimerization of ALX with GPR32. Also, this does not preclude either ALX or GPR32 interacting with other GPCRs when RvD1 is present.
LXA 4 and RvD1 share some anti-inflammatory and proresolving actions in human and murine systems (9, 12, 30, 31 ), yet each is biosynthesized at different time intervals during resolution and via distinct biosynthetic routes (4). In summary, RvD1 specifically binds to human phagocytes and activates two separate GPCRs, namely ALX and GPR32. RvD1 enhances the phagocytic and clearance functions of human MΦ, which were increased by these GPCRs. Taken together, these findings suggest that RvD1 executes its proresolving actions within human tissues via its interactions with ALX and GPR32. 
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